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Abstract: Biomineralization is a dynamic, complex, lifelong process by which living organ-
isms control precipitations of inorganic nanocrystals within organic matrices to form unique 
hybrid biological tissues, for example, enamel, dentin, cementum, and bone. Understanding the 
process of mineral deposition is important for the development of treatments for mineralization-
related diseases and also for the innovation and development of scaffolds. This review provides 
a thorough overview of the up-to-date information on the theories describing the possible 
mechanisms and the factors implicated as agonists and antagonists of mineralization. Then, the 
role of calcium and phosphate ions in the maintenance of teeth and bone health is described. 
Throughout the life, teeth and bone are at risk of demineralization, with particular emphasis 
on teeth, due to their anatomical arrangement and location. Teeth are exposed to food, drink, 
and the microbiota of the mouth; therefore, they have developed a high resistance to localized 
demineralization that is unmatched by bone. The mechanisms by which demineralization–
remineralization process occurs in both teeth and bone and the new therapies/technologies that 
reverse demineralization or boost remineralization are also scrupulously discussed. Technologies 
discussed include composites with nano- and micron-sized inorganic minerals that can mimic 
mechanical properties of the tooth and bone in addition to promoting more natural repair of 
surrounding tissues. Turning these new technologies to products and practices would improve 
health care worldwide.
Keywords: demineralization, remineralization, teeth, bone and calcium phosphates
Introduction
Enamel, dentin, cementum, and bone are natural composites of both organic and 
inorganic components. Bone, cementum, and dentin are specialized connective tissues, 
while enamel has an ectodermal origin. For the specialized connective tissues (bone, 
cementum, and dentin), collagen type I constitutes ~90% of their organic component;1,2 
noncollagenous proteins form the remaining. On the other hand, enamel has little or 
no collagen, and its organic matrix is made up of noncollagenous protein, which is 
90% amelogenin.3 The inorganic component of these hard tissues consists of biological 
apatite, Ca
10
(PO
4
)
6
(OH)
2
. Enamel has more inorganic content (~90% prismatic crys-
tals) than dentin and bone (~70%) and cementum (45%). The unit cell of biological 
apatite is hexagonal in shape; repetitions of the unit cells produce crystals of various 
sizes. In dentin, the crystals are plate like of 50 nm length, 20 nm width, and 2–5 nm 
thickness.4 In bone, the crystals are known to be ~2–6 nm thick, 30–50 nm wide, and 
60–100 nm long.5 However, they are bigger and highly oriented in enamel than in bone 
and dentin, making it the hardest tissue in the body. Due to the presence of a variety of 
substitutions and vacancies within the biological apatite, its calcium–phosphate ratio 
is different from that of stoichiometric hydroxyapatite (HA, 1.67). Enamel apatite, 
Correspondence: ensanya Ali Abou Neel
Division of Biomaterials, Operative 
Dentistry Department, Faculty of 
Dentistry, King Abdulaziz University, 
PO Box 80209, Jeddah 21589, 
Saudi Arabia
Tel +966 596820208
email eabouneel@kau.edu.sa 
Journal name: International Journal of Nanomedicine
Article Designation: Review
Year: 2016
Volume: 11
Running head verso: Abou Neel et al
Running head recto: Demineralization–remineralization dynamics
DOI: http://dx.doi.org/10.2147/IJN.S107624
 
In
te
rn
at
io
na
l J
ou
rn
al
 o
f N
an
om
ed
ici
ne
 d
ow
nl
oa
de
d 
fro
m
 h
ttp
s:
//w
ww
.d
ov
ep
re
ss
.c
om
/ b
y 
12
8.
41
.6
1.
11
1 
on
 1
4-
O
ct
-2
01
6
Fo
r p
er
so
na
l u
se
 o
nl
y.
Powered by TCPDF (www.tcpdf.org)
                               1 / 1
International Journal of Nanomedicine 2016:11submit your manuscript | www.dovepress.com
Dovepress 
Dovepress
4744
Abou Neel et al
resembling the stoichiometric HA, has fewer substitutions 
than bone and dentin mineral.6 Examples of ion substitution 
that could occur in biological apatite include substitution 
of calcium ions with magnesium and sodium, substitution of 
hydroxyl sites with fluoride and chloride, and substitution of 
both phosphate and hydroxyl sites with carbonate. With ion 
substitutions, a considerable variation in apatite properties 
could occur, for example, magnesium substitution inhibits 
crystal growth, carbonate substitution increases solubility, 
and fluoride substitution decreases the solubility.3 The car-
bonate content of bone and teeth HA is 4%–8%; with age, 
the carbonate content increases but the hydrogen phosphate 
decreases.3,4 The ratio of inorganic-to-organic contents varies 
according to the tissue; such variation reflects the properties 
of each tissue. For example, with high inorganic content, 
enamel is tougher and more highly resistant to force than any 
other hard tissues in the body. With high organic content, 
however, dentin is more resilient than enamel and therefore 
provides a resilient layer under enamel and cementum.
Furthermore, these hard tissues have different regenera-
tive capacity. Unlike ameloblasts and odontoblasts, which 
leave no cellular bodies in their secreted products during 
the later stage of apposition, many cementoblasts and 
osteoblasts become entrapped by the formed cementum and 
bone they produce, becoming cementocytes and osteocytes, 
respectively. Although bone is a highly adaptive tissue 
(ie, continually undergoing remodeling), cementum has a 
very slow regenerative capacity7 and is not resorbed under 
normal conditions. Dentin and enamel develop their defini-
tive structure during odontogensis. Dentin has the capacity to 
regenerate by the formation of secondary and tertiary dentin, 
but enamel does not have the regenerative capacity. Unlike 
skeletal bones, facial bones are derived from both neural 
crest and paraxial mesoderm and they respond differently 
to growth factors and mechanical stimuli.8
Mineralization of teeth and bone
Mineralization is a lifelong process, in which an inorganic 
substance precipitates onto an organic matrix. Normal bio-
logical processes include the formation of hard connective 
tissues, such as bone, dentin, and cementum, in which col-
lagen fibrils form a scaffold for a highly organized arrange-
ment of uniaxially organized calcium phosphate crystals.9 
Pathological processes of mineralization result in calcifi-
cation within blood vessels or in, for example, the kidney 
or formation of gallstones.10 Understanding the process of 
mineral deposition is important for the development of treat-
ments for mineralization-related diseases and also for the 
innovation and development of scaffolds. However, there 
are still critical gaps in understanding the process. While the 
structure of mineralized collagen is now well understood, 
how mineral precipitates with the spatial and hierarchical 
order found in tissues is still largely unknown. Cells control 
the mineralization process of crystal morphology, growth, 
composition, and location. The molecules of the extracellular 
matrix (ECM) and a series of enzymes, however, direct the 
entry and fixation of mineral salts (calcium and phosphate 
ions) in bone, dentin, and enamel.
Teeth
Teeth are composed of enamel, pulp–dentine complex, and 
cementum. Dentine forms the largest portion of a tooth. 
It is 70% mineralized by weight, with the organic content 
accounting for 20% of the matrix, and the remaining 10% 
being water. Type I collagen is the primary component of the 
organic portion of dentine, accounting for .85%, with the 
remaining amounts being collagen types III and V. The non-
collagenous part of the organic matrix is composed mainly of 
dentine phosphoprotein, accounting for ~50% of the noncol-
lagenous part. The remaining inorganic matrix is composed 
primarily of HA.11 Several studies have suggested that col-
lagen in enamel matrix is completely removed with all other 
organic components during the course of its mineralization 
and maturation.12–14 These studies refuted the earlier theories 
that proposed that a small percentage of collagen is retained 
after enamel maturation.15,16 A more recent study concluded 
that there is minimal collagen content, mostly types I and V, 
found in mineralized and mature enamel in comparison with 
dentine.17,18 It is commonly believed that HAs are generally 
encompassed within and coated by the organic material 
present in the tooth structure. While the physical properties 
of teeth are largely attributed to the presence of enamel, it is 
also hypothesized that collagen acts as an active protective 
protein sheath of the underlying HA crystallite lattice.
Type I collagen, a heterotrimer of two α1(I) chains 
and one α2(I) chain folded in a triple helix structure, has a 
rod-like structure of 1.5 nm diameter and .300 nm long. 
The triple helix domain is flanked by nonhelical N- and 
C-propetides. This form of collagen, known as procol-
lagen, is secreted from cells, for example, fibroblasts, 
odontoblasts, and osteoblasts into the extracellular spaces 
where it is converted into tropocollagen by the removal of 
N- and C-propeptides. Tropocollagen can then spontane-
ously self-assemble into fibrils (ie, the fibril is built from 
the staggered packing of the individual collagen molecules 
such that there are periodic gaps along the fibril surface and 
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channels extending through the fibril19). Each collagen unit 
is ~300 nm long and overlaps neighboring units by ~67 nm.19 
Fibrils contain gap regions of 40 nm between end-to-end 
collagen units. Packing of collagen is stabilized by weak 
dispersive and hydrogen interactions as well as by strong 
intermolecular cross-links. This stabilization is essential 
for the structural stability and insolubility of collagen in 
water.20 End-to-end elongation and lateral aggregation of 
collagen fibrils are responsible for increasing its diameter 
and migration21 toward the place where they undergo min-
eralization, for example, movement of collagen fibrils from 
the proximal to the distal predentin where the mineralization 
occurs.3 In dentin, collagen type I accommodates ~56% of 
mineral in its holes and pores of fibrils. The noncollagenous 
proteins act as inhibitors, promotors, and/or stabilizers of 
mineral deposition. For example, glycoproteins prevent 
premature mineralization until the collagen fibrils become 
mature and attain their correct dimensions. Dentin matrix 
protein-1, an acidic phosphoprotein, plays an important 
role in initiation of nucleation and modulation of the mor-
phology of mineral phase.22 During dentinogensis, three 
types of mineralization usually occur; they include matrix 
vesicle-derived mineralization (in mantle dentin), ECM 
molecule-derived mineralization (in majority of dentin), 
and blood–serum-derived mineralization (in peritubular 
dentin).23 Odontoblasts secrete an acid mucopolysaccharide, 
for example, chondroitin sulfate, which is a prerequisite 
for start of mineralization. This mucopolysaccharide is 
transported to the site of mineralization in dentin matrix; it 
attracts calcium and serves to transport minerals from cells 
to the ECM.24
In enamel, immediately after initial dentin mineraliza-
tion at the dentinoenamel junction, ameloblast cells secrete 
enamel matrix proteins (eg, amelogenin, ameloblastin, and 
enamelin) and proteinases (matrix metalloproteinase-20 and 
kallikrein-related peptidase-4) at the dentin surface. These 
proteins and proteinases are responsible for immediate 
mineralization of ~30% of enamel. The first formed enamel 
crystals (ribbons) grow between the existing dentin crystals 
by mineralizing around dentin proteins. These crystal rib-
bons then elongate at the mineralization front where enamel 
proteins are secreted. While they are moving away from the 
dentin surface, the ameloblast start secreting large amounts 
of enamel matrix proteins. When the entire thickness of 
enamel is formed, the ameloblasts become protein-resorbing 
cells (ie, remove enamel matrix proteins); and therefore, 
additional mineral is required to coincide with the bulk 
removal of enamel proteins and water to produce enamel 
with .95% mineral content. The formed crystals are long, 
thin, and parallel ribbons of 26×368 nm2; ~10,000–40,000 
ribbons at packing density of 550 crystallites/µm2 25 form 
a rod (prism) with ~5 µm diameter.26 Each ameloblast pro-
duces one rod; all rods are organized in a three-dimensional 
structure. The mineral crystals formed within the enamel 
rods grow in c-axis length parallel to each other all the 
way from dentinoenamel junction to the tooth surface, 
while those developed between the rods (ie, interred) have 
limited lengths and always ordered at angles relative to the 
rod crystals. Since this process of enamel formation and 
maturation is a cell-mediated process, completion of miner-
alization is associated with several morphological changes in 
ameloblasts; hence, the matrix removal and crystal growth 
occur efficiently. For calcification, the influx of calcium 
from the blood to the enamel matrix involves intercellular 
and transcellular routes. Unlike collagen-based mineralized 
tissues, no matrix vesicles are associated with mineralization 
of enamel. The mineral content is reduced from the enamel 
surface toward the dentinoenamel junction. The position of 
HA is located between the nanospheres of amelogenin.3,27 
Therefore, ameloblasts are not only responsible for secreting 
the enamel matrix proteins and proteinases but also induce 
mineral formation and finally organize these minerals into 
rod and interred patterns.
Bone
During the formation of mineralized bone matrix, osteoblasts 
first deposit unmineralized osteoid and release mineral-
nucleating proteins that catalyze the process where osteoid 
starts to calcify. Mineralization occurs after ~15 days. The 
primary phase of mineralization to ~70% of full mineraliza-
tion is a rapid process, whereas the secondary phase to full 
mineralization is slower and can last for several months to 
years. This process of mineral accumulation within each site 
of newly formed bone together with the activation frequency 
of remodeling sites causes a specific mineralization pattern 
in the bone material. As mentioned above, type I collagen is 
known to be the predominant component of the ECM of bone, 
calcifying tendon, dentin, and cementum. Crystals may be 
formed within the individual type I collagen fibrils, with the 
same periodicity displayed by the collagen, and along the fibril 
surfaces in the extrafibrillar spaces between packed collagen 
fibrils of the bone and dentin fibers.28 In 1952, Robinson and 
Watson29 showed that carbonated HA crystals exist within 
collagen (intrafibrillar deposition) with their c-axis nearly par-
allel with the long axis of the collagen fibril. The crystals are 
known to be ~2–6 nm thick, 30–50 nm wide, and 60–100 nm 
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long.5 Several studies have shown that the matrix nucleates 
preferentially form within the gap regions of collagen fibrils, 
where most crystals are well organized into parallel arrays, in 
almost continuous dark bands.5,19 While the mineral precipi-
tates preferentially in the gaps between the collagen fibrils, 
the crystals have been shown to grow and eventually exceed 
the size of the gap.19 Furthermore, mineral exists both within 
and external to the collagen fibrils (interfibrillar deposition); 
however, it is generally accepted that the majority of the min-
eral exists within the fibrils.30 Interfibrillar mineralization of 
collagen is directed by the collagen matrix,31 which leads to 
nanostructured architecture consisting of uniaxially orientated 
nanocrystals of HA embedded within and roughly aligned 
parallel to the long collagen fibril axis. Previous studies 
have suggested that type I collagen polypeptide stereochem-
istry and other factors are fundamental in the initial events 
of mineral deposition with the intrafibrillar spaces of the 
molecule.32,33 The side chains of polypeptide-charged amino 
acids are thought to contribute binding sites for calcium and 
phosphate ions found in the circulating supersaturated fluid 
of the tissues.32 The configurations would conceptually bring 
these ions into close association and lead to their nucleation. 
Apatite growth and development would follow initial nucle-
ation events to result in platelet-shaped crystals growing 
preferentially along collagen assemblies.32,34 It is clear that 
not all collagenous tissues mineralize and investigating the 
process in vivo is difficult. Therefore, many of the studies that 
have investigated the possible physicochemical mechanisms 
of mineralization used in vitro models.
The control of bone biomineralization is dynamic and 
complex with many theories, describing the responsible 
mechanisms, and many factors have been implicated as ago-
nists and antagonists of mineralization; the deregulation of 
which can lead to pathological extraskeletal mineralization. 
The crystallization process can be considered from several 
different perspectives: 1) the development of crystallinity 
in a mineral phase developed directly from a supersaturated 
solution of the mineral ions, 2) the presence of polymeric 
(protein) polyions in the mineralizing system and how they 
might interact in vitro with the free ions or with nanoclusters 
of Ca and PO
4
 ions to modulate the mineralization process, 
3) small integrin-binding ligand, N-linked glycoproteins 
(SIBLINGs) and how they might be delivered in vivo to 
regulate mineralization at specific sites, including the pro-
cesses of nucleation, crystal growth, crystal morphology, and 
size regulation, and 4) the delivery of sequestered, vesicu-
lar nanoclusters of Ca and P directly from the cell or the 
mitochondria to the mineralization front.35 Veis and Dorvee35 
speculated that it is likely that some common mechanisms 
may be applicable in all cases.
Mineralization was initially viewed as a classical precipi-
tation and growth of apatite crystals directly from interstitial 
fluid supersaturated with calcium and phosphate phases. 
Studies have shown that serum is a metastable solution 
from which calcium phosphate precipitates in the pres-
ence of calcifiable templates such as collagen, elastin, and 
cell debris.36,37 Recently, it was demonstrated that apatite 
formation in bone and teeth does not occur directly by 
the association of ions from solution but is preceded by 
an amorphous calcium phosphate (ACP) precursor phase 
that may later transform into octacalcium phosphate before 
becoming HA,38 although the mechanism of this pathway is 
under debate.39,40 It has been suggested that calcium phos-
phate precipitation in vitro is kinetically driven, meaning 
that the mineral does not crystallize directly into the most 
thermodynamically stable product but instead precipitates 
first into the kinetically most accessible form, ACP, which is 
subsequently transformed into the most thermodynamically 
stable phase. ACP formation is thought to proceed through 
subnanometer-sized prenucleation clusters with a chemical 
composition Ca
9
(PO
4
)
6
, which are stable clusters present in 
solution before nucleation as was recently demonstrated for 
CaCO
3
.41 However, the role of these nanometer-sized clusters 
as building blocks for ACP formation has been debated for 
many years.40 The origin of the mineral and how it infiltrates 
the collagen fibrils are still unknown.
ECM noncollagenous proteins (NCPs, now known as 
SIBLING) are believed to control several aspects of the min-
eralization process, specifically through the mechanisms of 
inhibition and promotion by phosphoproteins, glycoproteins, 
Gla-containing proteins, and proteoglycans.31 It has been 
shown that protein concentration and whether the protein is 
free or immobilized can profoundly affect function in pre-
cipitation models. Presently, there is no clear role of these 
SIBLINGs, although it has been suggested that SIBLINGs 
regulate solution crystal growth by an epitaxial relationship 
between specific crystallographic faces and specific protein 
conformers.31 Osteocalcin and osteopontin are two of the 
most abundant noncollagenous proteins, and both have been 
shown to influence the deposition of mineral within the 
collagen fibril-rich bone ECM. In vitro studies have shown 
osteocalcin and osteopontin control HA nucleation, size, 
shape, and orientation.42,43
Regulation of the mineralization process is also known 
to rely largely on inorganic pyrophosphate (PPi), a potent 
inhibitor of mineralization. Osteoblast and osteocyte-derived 
 
In
te
rn
at
io
na
l J
ou
rn
al
 o
f N
an
om
ed
ici
ne
 d
ow
nl
oa
de
d 
fro
m
 h
ttp
s:
//w
ww
.d
ov
ep
re
ss
.c
om
/ b
y 
12
8.
41
.6
1.
11
1 
on
 1
4-
O
ct
-2
01
6
Fo
r p
er
so
na
l u
se
 o
nl
y.
Powered by TCPDF (www.tcpdf.org)
                               1 / 1
International Journal of Nanomedicine 2016:11 submit your manuscript | www.dovepress.com
Dovepress 
Dovepress
4747
Demineralization–remineralization dynamics
matrix vesicles control extracellular PPi levels with a host of 
factors, at least three other molecules: nucleotide pyrophos-
phatase phosphodiesterase 1, ankylosis protein (ANK), and 
tissue-nonspecific alkaline phosphatase (TNAP). TNAP is an 
enzyme that hydrolyses and inactivates PPi and is normally 
expressed at sites of mineralization during development. 
Loss of TNAP function results in hypomineralized bone.44–46 
Conversely, ANK is expressed in nonmineralizing tissues, 
where it transports PPi to the extracellular space to antago-
nize mineralization. Loss of functional mutations in ANK 
causes hypermineralization and the formation of bone spurs 
or bone-like hardening of tendons and ligaments of the 
spine.47 Much of the in vivo evidence regarding the role of 
specific proteins comes from their distribution and genetic 
knockout studies. However, proteins such as osteopontin 
have multiple roles, complicating interpretation. Tissue 
localization can give clues to a role but does not provide any 
functional information.30
How Ca and PO
4
 ions are delivered to the mineralization 
front is still a matter of debate. Pioneering studies have sug-
gested the role of mitochondria in taking in large amounts of 
Ca and PO
4  
ions, accumulating them, and delivering calcium 
phosphate in membrane bound vesicles to the extracellular 
spaces of mineralizing cartilage and bone.35,48,49 Matrix 
vesicles are extracellular, membrane-invested vesicles 
50–200 nm in diameter and are formed by polarized budding 
from the surface membrane of chondrocytes, osteoblasts, and 
odontoblasts. The signals that release matrix vesicles are not 
well understood, although the concentrations of intracellular 
calcium and extracellular phosphate may be important.50 
Mineralization begins with the formation of HA crystals 
within matrix vesicles, followed by propagation of HA 
through the membrane into the ECM. The origin of calcium 
and phosphate within the vesicles has not been elucidated. 
When the accumulation of calcium and phosphate exceed 
the solubility point for calcium phosphate, deposition of 
HA occurs within the matrix vesicles.50 In the second step, 
HA crystals penetrate the matrix vesicle membrane and are 
elongated into the extracellular space. The ratio of phosphate 
ions to PPi is crucial in the second step of mineralization. 
PPi, which inhibits the formation of HA,51 is formed by 
nucleotide pyrophosphatase phosphodiesterase 1. Alkaline 
phosphatase hydrolyses PPi to generate phosphate ions. The 
mechanisms by which vesicles may be broken open and their 
mineral contents transferred and localized to the collagen are 
still a subject of current study and debate.35 There is abundant 
evidence that the mineral-containing intracellular vesicles do 
exist, and their contents in different situations contain ACP 
or apatite needle-like crystals. Mahamid et al52 showed that 
mineral is released in globules (presumably ACP) from cells 
at the growth zone. Further questions that remain unsolved 
are those surrounding the mechanisms by which the mineral 
is transformed from the mitochondria to the mineralizing 
matrix, then reordered, in essence dissolved, and recrystal-
lized on the collagen fibril matrix on the fibril surfaces, or 
within the fibrils themselves.35
Role of calcium and phosphate ions 
in teeth and bone
Calcium phosphate is fundamental for the formation of bone 
and teeth and is essential for achieving optimal peak bone 
mass in the first 2–3 decades of life and for the maintenance 
of bone in later life.53 Mineral concentration is a major 
determinant of the elastic modulus of the bone matrix. As 
the mineral fraction of the bone ECM increases, hence does 
the elastic modulus.54 Therefore, different tissues in the body 
can provide either rigidity (high mineral content) or flexibility 
(low mineral content).
The HA in teeth varies from empirically derived HA, and 
HA found in bones, as the dental version, is often calcium 
deficient due to fluorine substitutions – Equations 1 and 2 – 
that shows the stoichiometric formula of HA (Equation 1). 
The formula of HA shows the sites for atomic substitution 
(Equation 2). This HA is calcium deficient and carbonated. 
X, calcium substitution with metal cation; Y, phosphate 
substitution with carbonate; and Z, hydroxide substitution 
with fluoride.55–57
 Ca
5
 (PO
4
)
3
 (OH) (1)
 Ca
10-X NaX (PO4)6-Y (CO3)(OH)2-Z FZ (2)
Calcium-deficient carbonated HA comprises the major 
substitution activity that takes place. Other much smaller 
number of substitutions occur where calcium ions, ~1%, is 
replaced by other metal ions, including potassium, sodium, 
and magnesium.58 The presence of carbonates and other 
ionic substitutions significantly disrupts the crystal lattice 
in HA. This weakens the HA, increasing its susceptibil-
ity to acid attack and solubility.59 The carbonate content 
of dentine is 5%–6%, while in enamel it is 3%, and the 
HA crystal size in dentine is much smaller than those in 
enamel, thus making dentinal matrix much more vulnerable 
to acidic attack.60
With age, the crystallinity of dental HA decreased but 
the carbonate content increased. The α-lattice constant, 
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associated with the carbonate content, decreased while the 
c-lattice, associated with hydroxyl sites, does not change 
significantly with age. Increased crystal structure disorder and 
reduction in crystallinity are expected with higher number of 
planar carbonate ions substituting for tetrahedral phosphate 
ions in the apatite structure.61 Both A- and B-type of carbonate 
substitutions are present but the B-type (carbonate for phos-
phate) is greater than the A-type (carbonate for hydroxyl).61 
Since c-lattice parameter is nearly age independent; this indi-
cates that the phosphate tetrahedron represents the main site 
of carbonate substitution in the apatite lattice.61 A decrease in 
crystallinity and increase in carbonate content favor the dis-
solution of dental apatite. This is a change in material phase 
and the composition of dental mineral, while also reducing 
crystal size.61 The carbonate content has a significant effect 
on the reactivity and solubility of physiological HA.
Calcium, phosphate, and fluoride ions play an important 
role in the battle between demineralization and remineral-
ization processes and accordingly modify the susceptibility 
of tooth to caries progression.62 During demineralization, 
calcium release precedes phosphate release from enamel, 
dentin, and cementum. Therefore, using calcium rather than 
phosphate to suppress the demineralization process would 
be effective.63
Demineralization–remineralization 
dynamics in teeth
Demineralization is the process of removing minerals ions 
from HA crystals of hard tissues, for example, enamel, 
dentin, cementum, and bone. Restoring these mineral ions 
again to the HA crystals is called remineralization. Both 
processes occur on the tooth surface, and a substantial 
number of mineral ions can be lost from HA without 
destroying its integrity but high sensitivity to hot, cold, 
pressure, and pain would be expected. Lacking of the 
integrity of HA latticework, however, produces cavities. 
Demineralization is a reversible process; hence, the par-
tially demineralized HA crystals in teeth can grow to their 
original size if they are exposed to oral environments that 
favor remineralization.64
Demineralization
Similar to bone, teeth are composites comprised of the 
phosphate-based mineral HA in the enamel, collagen in the 
dentine, and living tissues.65–67 However, it is the anatomical 
arrangement and location of teeth that sets them apart from 
bones.68 Exposed to food, drink, and the microbiota of the 
mouth, teeth have developed a high resistance to localized 
demineralization unmatched by other mineralized tissues.59,69 
This resistance is chiefly due to the enamel layer that covers 
the crown of the teeth.70,71
Chemical demineralization of teeth is caused by acidic 
attack through two primary means: dietary acid consumed 
through food or drink and microbial attack from bacteria 
present in the mouth.69,72,73 Published literature in this area 
seeks to apply chemical theory to the erosion of dental hard 
tissues, chiefly enamel.59,74,75
During an acidic attack, or a typical demineralization 
regime, chemical dissolution of both the organic and inor-
ganic matrix components takes place. This is brought about 
by the water content of enamel and dentine, which facilitate 
acid diffusion in and mineral content out of tooth.60
etiology and risk factors: a multifactorial process
Demineralization and the subsequent erosion and/or loss of 
tooth surface versus remineralization are dynamic processes 
that are dependent on several modifying factors, as shown in 
Table 1. These factors are split into two main groups, extrin-
sic and intrinsic, which can be altered by the last group, the 
modifying factors. Extrinsic factors include diet and medica-
tion. Intrinsic factors are mostly diseases that can sometimes 
be treated with medications that are themselves extrinsic 
factors of erosion. Modifying factors can be variations in the 
biochemical characteristics of an intrinsic or extrinsic factor, 
behavioral patterns such as regular tooth brushing, some of 
which can also be classed as socioeconomic factors.
Erosion and carious lesions are the two main conse-
quences of demineralization. Public awareness of dental 
erosion is still not widespread, and its differential diagnosis 
among dental professionals has proven to be a challenge.76 
The dietary consumption of soft or fruit-based drinks in 
the developed world is thought to be over half of all of the 
liquids consumed.77 The spread of the commercialization 
of the soft drinks market has increased by 56% over the 
past 10 years and is growing by a rate of 2%–3% yearly.78 
In 2002, the consumption of these high acid drinks was 
Table 1 Interaction of different factors in relation to tooth 
surface loss
Biological Chemical Health and 
education
Behavioral
Saliva flow pH type Current health eating habits
Soft tissue 
anatomy
Acid type Socioeconomic 
status
Drinking 
habits
Tooth 
anatomy
Chelation 
potential
Medication and 
drugs
Brushing 
frequency
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predicted to show an increase in dental issues over the fol-
lowing 5 years.74,79 This has been shown to be the case, as 
repeated studies have shown erosion throughout different 
demographic groups.55,77,78,80,81
Erosion and its extrinsic causative factors have been 
included in the UK Children’s Health Survey since 1993, 
and a trend toward higher prevalence of erosion in those who 
often consumed carbonated drinks was shown.82 In the UK 
in 2003, .50% of 5–6 years old had exhibited significant 
enamel erosion, linked to the consumption of acidic drinks. 
Furthermore, 25% of 11- to 14-year olds had significant 
erosion, rising to 77% in 20- to 25-year olds.83,84 A recent 
study in 2015 showed an increase in pediatric dental hospital 
admissions, with cases strongly linked to sugar erosion.85 
There is a widespread misunderstanding by patients that 
the extraction of primary teeth is not a matter of concern, 
since these will be replaced by permanent teeth. This has 
been repeatedly shown to be false, and the damage done by 
the primary teeth issues may be affecting the future health 
of the permanent teeth.66,80,86,87 Previous in vitro models were 
made on the belief that the tooth–acid interactions last for 
several minutes. However, more recent in vivo studies sug-
gest that the in vitro tooth–acid models should focus on the 
acid interaction for 30 seconds. This would better represent 
in vivo conditions.78,86,88
The most recent study in the US has shown that 79% of 
adults have at least moderate evidence of tooth decay; regard-
less of demographic, the key feature was the excessive daily 
consumption of fruit juices and soft drinks.89 The most recent 
study in the Peoples’ Republic of China showed 89% tooth 
wear among 15 years old, with 7% showing dentine exposure; 
a mark of the severity of the erosion.90 Other studies from 
Japan and India also showed comparable data for early-stage 
tooth erosion.91,92 Modifying behavioral factors that affect 
dietary consumption include types of drinks consumed, 
method by which a drink is consumed, and frequency of 
drinking. For example, an increase in agitation when a drink 
is swished around the mouth will enhance the dissolution pro-
cess.93 Moreover, several medication and asthmatic inhalers 
were shown to induce xerostomia by reducing salivary flow, 
in addition to decreasing its pH; thus, weakening its overall 
buffering effect against intrinsic and extrinsic acids.94,95 
Saliva is considered one of the most important biological 
factors in dictating the intraoral neutralizing effects of acid 
exposure. Pathogenesis of dental erosion is directly related 
to the buffering capacity and rate of secretion of saliva.96
The mineralization percentage of permanent teeth is higher 
than that of primary teeth;68 nevertheless, adults frequently 
experience the effects of acid damage on teeth. Mechanically, 
the teeth are softer and weakened, although there is no change 
in the brittleness. Intrinsic factors that may lead to erosion 
include gastroesophageal reflux, often seen in diabetic and 
obese individuals, bulimia nervosa, and dental rumination. 
Diseases such as bulimia nervosa have the symptom of self-
induced vomiting, which can be a leading cause in dental ero-
sion if occurring often enough. For gastroesophageal reflux, it 
is defined as a normal physiologic retrograde flow of gastric 
contents and acid regurgitation into the esophagus and some-
times mouth, which occurs mostly postprandial, after meals, 
for ~1 hour.97 Irrespective of the cause, excessive stomach 
acid has a deleterious effect on dental health. Endogenous 
acids has a pH of 1.2, that is well below the critical pH for 
fluoroapatite (FAP) and HA dissolution,66,98,99 thus leading to 
rapid demineralization of tooth surfaces. Regardless of the 
type of causative factors, teeth eroded by acid are more likely 
to crack or chip if damaged and are harder to repair.100,101 The 
areas of structural weakness that have been demineralized 
are also targets for caries formation.74,102,103 Bacteria can 
easily colonize the demineralized areas of the tooth and, 
with a combination of their own acid formation, are able 
to penetrate into the dentine.81,104 The dentinal contribution 
of the demineralization-assisted caries is higher than when 
acid drinks are not involved and is a marker of the severity 
of the caries.
Bacteria
Dental caries is the most common childhood chronic infec-
tious disease. It is caused by the interaction of bacteria, 
mostly Streptococcus mutans, and sugar on tooth enamel 
surface. Bacteria breakdown fermentable carbohydrate 
such as glucose, sucrose, and fructose and cause an acidic 
environment that leads to demineralization and resultant 
carious lesions.98,99 There are several theories proposed as 
to how oral bacteria are actually acquired. At birth, the oral 
cavity is known to be effectively sterile; however, acquisi-
tion is achieved via transmission from food/milk/water, from 
parents, or from oral mucosa shedding surface during erup-
tion of primary dentition. The most widely accepted hypoth-
esis with regard to the role of bacteria in acid production and 
caries formation is the “ecological hypothesis”, where dental 
plaque is defined as a dynamic microbial ecosystem in which 
nonmutans bacteria are key players for maintaining dynamic 
stability.93 S. mutans, Streptococcus sobrinus, and lactobacilli 
are the main oral cariogenic pathogens due to their ability 
to produce high levels of lactic acid following sugar fer-
mentation and their resistance to the adverse effects of low 
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pH.105,106 In some studies, S. mutans were seen to be .30% 
of oral microflora in children with early childhood caries.107 
Higher frequency of sugar intake leads to increased risk and 
susceptibility to caries due to prolonged exposure to acidic 
conditions, regardless of the amount ingested.
Acid erosion mechanisms
Dental erosion can be defined as being the loss of hard tissues 
though dissolution by acids of nonbacterial origin or mechan-
ical damage. When exposed to acid, teeth become softer as 
the HA is solubilized, and therefore, more susceptible to 
mechanical wear. The two chemical methods by which this 
can occur are either direct acid attack or chelation.57,74,90
When hydronium ions are formed from an acid in solu-
tion, they bind with carbonate or phosphate in HA, releas-
ing the anions into solution in a form of chemical etching. 
Carbonate is more reactive than phosphate, and requires a 
lower concentration of hydronium to react with, and is there-
fore why HA is weaker with excess carbonate.57
Three phases of attack have been identified, based on 
the pH of the acid.108 Acids with pH ,1 can cause surface 
etching when exposed to teeth for very short time periods. 
Nanoscale surface softening occurs with short exposure at 
pH 2–4, but this does not extend to the macroscale.70,109 The 
third and most common form of acid attack is through weak 
acid (pH 4.5–6.9) subsurface dissolution. This along with 
bacteria can lead to the formation of carious lesions and as 
a result has been well studied.
Exposure to acids with pH .4 is not a common biologi-
cal occurrence. Emesis is the normal mechanics, whereby 
stomach acids can come into contact with the teeth. Some 
patients with the most severe and prolonged hyperemesis 
episodes, such as those with alcoholism, may subject their 
teeth to acids with a pH of 1.55 This is well below the 
demineralization pH and can cause surface etching, which 
is highly dangerous for teeth. Dentition in patients with 
intrinsic disease factors such as hyperemesis gravidarum or 
bulimia may be exposed to low pH acids regularly enough 
to cause nanoscale surface softening.70,109,110 However, the 
weak acid dissolution pathway has many possible causes. 
Fruits commonly have carboxylic or citric acids.87,109 The 
hydronium ion formed by carboxylic acids readily binds 
with phosphate, forming phosphate cations.55,111 These cat-
ions can form a calcium acid chelation complex, debonding 
mineral ions in the surrounding lattice causing widespread 
demineralization.74 Alternatively and more rarely, these 
can remain in proximity to the HA layer, with minimal 
demineralization.
Carboxylic acids can also allow for attacks through chela-
tion. Fruit acids such as citric acid (C
6
H
8
O
7
) are commonly 
found examples of this. In citric acid, the COOH group is 
dissociated, forming H+ for H
3
O+ and allowing a COO- anion 
to cause calcium chelation.87 The direct acid attack, using 
hydronium ions, has already been described above. Two 
anions, however, are able to form a soluble chelate complex 
with three calcium ions. This is dependent on the dissolution 
strength of the anion relative to the bound calcium in HA and 
results in the formation of a chelate at pH 3.8–4, the pH of 
fruit and fruit drinks.93 As the chelate is soluble, this can then 
be carried from the enamel surface, resulting in a net loss of 
mineral for the teeth. Although commonly found in fruits and 
soft drinks, citric acid is particularly damaging teeth, and it 
can act through two mechanisms to remove both phosphate 
and calcium from the HA.77,88 Carbonic acid behaves simi-
larly to citric acid; however, the dissolution constant is lower 
(pKa 3.6) compared with citric acid (pKa 6.4). Carbonic acid 
can disassociate to form both bicarbonate anions HCO
3
- and 
orthocarbonic acid C(OH)
4
, which increases the risk of acid 
attack on teeth.57,112 The amount of carbonic acid added to 
carbonated (“fizzy”) drinks is often too low to have signifi-
cant effects.
Although the carbonic acid content may be low, the 
presence of phosphoric acid in soft drinks, especially cola 
products, is damaging to teeth. Phosphoric acid (H
3
PO
4
) does 
not contain a carboxylic group but still attacks teeth through 
both the direct pathway and chelation.112,113 Two hydrogens 
disassociate from phosphoric acid, allowing two hydronium 
ions to be formed for direct acid attack.18,77 The remaining 
phosphate ion (PO
4
3-) can chelate with calcium cations at ratio 
of 2:3, forming soluble calcium phosphate. Some hydrogen 
phosphate (HPO
4
2-) is also formed that chelates with calcium 
cations in a 1:1 ratio. Both pathways occur at low pH ranges 
and contribute to demineralization with acidic and sparkling 
drinks; the effect of which is seen in Figure 1.108,113
Chemical erosion mechanisms
When discussing tooth erosion, pH is important, but it is 
not necessarily the crucial factor.114,115 The routes of direct 
acidic attack have been seen at length and are well docu-
mented. Irrespective of the exact type of acid in a drink, a 
lower pH dissolves HA in enamel at a faster rate and more 
severely than would a higher pH acid drink. Chelation causes 
a destabilization of the HA surface at low pH, weakening 
the phosphate coordination bonds.60 Acid concentration in 
molarity should also be taken into consideration. Titratable 
acidity, the amount of alkali required to titrate the subject to 
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its natural value, has been used to measure the concentration 
of acids present in drinks.116 Although the pH ranges that can 
be tested using this method are often not found in commercial 
products, nor is the length of exposure relevant to drinking, 
titratable acidity remains a commonly tested value.117 While 
pH measures just the dissociated ions in a solution, which 
could form acids or alkalis, titratable acidity also measures 
the bound compounds giving a larger overview of the poten-
tial acidity of a solution.60,114,117 Although titratable acidity 
experiments often have experimental drawbacks, an increase 
in titratable acidity has been shown to be linked to an increase 
in enamel loss in model studies.80,118
Linked to titratable acidity is the undissociated acid con-
centration, a measure of the inactive acidity of a solution. 
This describes solute that does not contribute to the pH of 
a solution.115 These molecules are also uncharged, which 
allows for a localized increase in hydrogen ions once diffused 
into the HA. Acids that have a low pKa have an increased 
concentration of molecules in a disassociated form.93 These 
hydrogen ions react with water to form hydronium ions, 
which are delivered to enamel. This high concentration of 
hydrogen ions favors dissolution of the enamel, at a layer 
known as the mineralization front.93 Short-term erosion 
sides have shown significant reduction in hydrogen when 
the disassociated value of acids was changed to favor 
higher pH levels.117 The pH remains the value that is most 
quoted for expositors to dietary acid over normal eating or 
drinking timescales.
The equilibrium constant for acid dissociation (Ka) and 
its logarithmic value (pKa) indicate the ratio of ionized-
to-nonionized acid groups in aqueous solution.119 A solution 
with equal pKa and pH values will have 50% chelator anions 
and 50% disassociated acid in solution.60 pKa values alter with 
environment, solvent, and structural changes. The pathway 
by which an acid is likely to attack HA in teeth can be pre-
dicted from the pKa value. A carboxylic acid with a low pKa 
value in water is likely to produce a high number of chelating 
ions, while a higher pKa value suggests direct hydrogen ion 
attack.60 Although citric acid has a low pKa value (3.1) in 
water compared with hydrochloric acid (-6.1), it does not 
mean that the carboxylic acids are not damaging.120 Ka or 
pKa values cannot be used to directly measure the severity 
of an acid but is crucial in modeling other values.118
Although chemical and mechanical methods of erosion 
are often considered separately, models such as the differ-
ential buffering capacity (DBC) of an acid can predict the 
mechanical effects of acid demineralization.117,121 DBC is 
measured as the gradient of a titration curve at a certain pH 
value and gives the concentration of acid required to lower 
the pH by 1.122 Acids with lower DBC values have been 
shown to have more severe effects on enamel for short-term 
exposure than higher DBC values.117,121 The DBC value of 
an acid is made up of the pKa and pH values and is therefore 
considered to be a more reliable marker of erosion properties 
over long-term exposure, when the pH range is relevant for 
dietary exposure.122
Temperature has a significant impact on the kinetics 
of dissolution. In the mouth, the ambient temperature is 
higher than room temperature, increasing the kinetic rate of 
reaction.68,110 The ions in solution, which impact the enamel 
causing dissolution, exceed the total energy required for the 
dissolution of the calcium. The results in a greater level of 
demineralization would occur at room temperature but is 
unavoidable due to physiological conditions.123
All these descriptors factor into the erosion of enamel 
by dietary acids. However, there is no conclusive study 
indicating which is more important or representative for 
dietary conditions.
Remineralization
This section covers both prevention and cure of deminer-
alization that can be arrested or reversed particularly in its 
Figure 1 Scanning electron microscopic images showing (A) normal enamel, (B) enamel etched with phosphoric acid at the same concentration as found in drinks, and 
(C) the recrystallized HA after solubilization (edges of the image) compared to unetched HA (center of the image).
Abbreviation: HA, hydroxyapatite.
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early stage. Saliva, fluoride therapy, diet control, and probi-
otic bacteria are described as preventive regimes for tooth 
demineralization. Dental composites containing different 
forms of calcium phosphates (CaPs) are discussed as poten-
tially curative regime for tooth demineralization. The use 
of nanotechnology in preventive dentistry, as antibacterial 
nanotherapy and biomimetic remineralization for reversing 
an incipient caries or recurrent decay, was explained in details 
in the literature.124
Saliva
As mentioned above, saliva is considered one of the most 
important biological factors in dictating the intraoral neu-
tralizing effects of acid exposure. Pathogenesis of dental 
erosion is directly related to the buffering capacity and 
rate of secretion of saliva.96 In addition to its cleansing and 
antibacterial action,125 saliva acts as a constant source for 
calcium and phosphate that helps in maintaining supersatura-
tion with respect to tooth minerals, therefore inhibiting tooth 
demineralization during periods of low pH, and they promote 
tooth remineralization when the pH returns to neutral state. 
Furthermore, when saliva secretion is stimulated, a rapid rise 
in pH to above neutrality occurs. As a result a complex of 
calcium phosphate and glycoprotein called salivary precipitin 
is formed. This complex is readily incorporated into dental 
plaque. Due to its high solubility of calcium phosphate in 
salivary proteins (eight to ten times higher than calcium 
phosphate in tooth), it serves as a sacrificial mineral that 
dissolves preferentially before tooth mineral, ie, reducing 
demineralization. It also acts as a source of calcium and 
phosphate ions that are required for remineralization of 
decalcified tooth.63,126
Saliva constantly delivers fluoride to the tooth surface; 
salivary fluoride is a key player in preventing tooth demin-
eralization and enhancing remineralization125 as described in 
the “Fluoride therapy” section.
Fluoride therapy
Fluorination of teeth is encouraged;127 the most effective 
method of caries prevention is through the use of topical 
fluoride, such as toothpaste and varnish. The calcium in HA 
is displaced by fluorine, forming FAP, which has a much 
lower solubility than either the original or calcium-deficient 
HA. FAP forms a solid-state solution with the phosphate-
rich HA, with a hydroxide being displaced.55,77 FAP has two 
main advantages over HA, and fluorine is often added to 
drinking water to encourage the conversion.127 First, fluoride 
acts as a catalyst, assisting in the remineralization enamel 
with phosphate ions dissolved in saliva.103,128 This can help 
to counteract any demineralization which has occurred.111 
Second, the displacement of hydroxide with fluoride removes 
a weakness in HA to lactic acid; FAP [Ca
10
(PO
4
)
6
F
2
] is not 
dissolved by this in the mouth.74,129,130 For the formation of 
FAP, for every two fluoride ions, ten calcium ions and six 
phosphate ions are required. Accordingly, the presence of 
inadequate calcium and phosphate can limit the remineraliza-
tion process. Casein phosphopeptide–ACP (CPP-ACP) has 
been developed for this purpose. Aggregation of CPP with 
calcium phosphate forms clusters of ACP. This aggregation 
prevents the precipitation of calcium phosphate and hence 
results in a state of supersaturation with respect to enamel, 
thus preventing demineralization and enhancing reminer-
alization.131 Some commercially available dental products 
contain both CPP-ACP and fluoride, and they are very effec-
tive remineralizing agents.132–134 Regardless of the significant 
effect of fluoride in preventing tooth demineralization, care 
as to not exceed the maximum recommended dose of fluo-
ride is highly advised. Overconsumption of fluoride through 
fluoridated water/foods and/or supplements may lead to 
dental and/or skeletal fluorosis. Dental fluorosis is defined as 
mineralization defects of enamel, resulting from subsurface 
porosity below a well-mineralized surface zone.14
Since the recovery of plaque pH to a higher level than 
the critical pH plays a key role in remineralization process, 
addition of 1.5% arginine (insoluble calcium compound) to 
fluoride in tooth dentifrices was more effective in reducing 
tooth demineralization and progression of caries to cavita-
tion than those containing fluoride alone. The arginine is 
broken down into ammonia by nonpathogenic arginolytic 
bacteria; ammonia helps in neutralizing plaque acid and 
maintaining the plaque biofilm on tooth surface in a 
healthy state.63,135,136
Diet control and oral hygiene instructions
Additionally, dietary advice, oral hygiene instruction, and 
application of fissure sealants are still used as further pre-
ventive regime to dental caries in both high- and low-risk 
individuals. In most recent studies, it was shown that the use 
of nonfermentable sugars in chewing gum, such as xylitol, 
was seen to inhibit the effect of S. mutans; however, more 
conclusive evidence is yet to be achieved.
Probiotic bacteria
Probiotic bacteria, defined as “live microorganisms which, 
when administered in adequate amounts, confer a health ben-
efit on the host” (WHO), are commonly suggested candidates 
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for bacteriotherapy.137 The word probiotics means “for life”, 
and this is either naturally occurring or genetically engineered 
bacterial strains that can be used for intervention.137 Examples 
of probiotics that have the ability to confer oral health benefits 
for the host include Lactobacillus (eg, salvarius,138 reuteri,139 
and rhamnosus140) and Bifidobacterium that are part of normal 
oral flora.140–142 They can be used as biotherapy for prevention 
or treatment of dental caries and periodontal diseases143 by 
reducing the number of pathogenic bacteria (S. mutans)143,144 
or inhibiting the expression of S. mutans virulence genes, for 
example, GtfB and LuxS140,145 and therefore alter or reduce 
biofilm formation.138
For administration of probiotic strains, several appropri-
ate vehicles are available; they vary from dairy products, ice 
cream and curds,146 oral thin film,147 tablets,139,148 and lozenges 
(eg, PerioBalance).149 The use of probiotic products found a 
potential use as alternative strategy for displacing pathogenic 
bacteria with probiotic microorganism and can therefore be 
exploited for the prevention of enamel demineralization.146
Another avenue to reduce the cariogenicity of S. mutans 
is the generation of strains without the open reading frame 
of lactate hydrogenase.150
electrically assisted enhanced remineralization
A new technology that has been developed by Reminova 
Ltd151 relies on the use of an electric current to reverse 
tooth decay by boosting remineralization. The use of tiny 
electric current of few microamperes that cannot be felt 
by the patient pushes the minerals into the tooth to repair 
the clean defect. This process requires no injection, no 
drilling of tooth, and no filling materials and triggers the 
remineralization from the deeper portion of the lesion. The 
development of a model ready to use by dentists from the 
prototype device developed by Reminova Ltd is currently 
under investigation.151
Dental composites with remineralizing action
Resin-based composites have been used as dental filling 
materials for .50 years.152 These materials have evolved 
throughout the years. The most important changes have 
involved the reinforcing fillers to improve the mechanical 
properties, polishability, and wear resistance. Recently, 
the focus has shifted to equipping composite systems with 
remineralizing and antibacterial properties. Various forms 
of calcium phosphates (CaP) have been incorporated into 
resin-based composites to provide mineral release that could 
potentially remineralize the tooth structure. This section 
provides an overview on the development of potentially 
remineralizing composites for tooth repair that have recently 
been introduced.
Calcium phosphates in different forms have been stud-
ied as fillers to make mineral releasing dental composites. 
This includes ACP, HA, tetracalcium phosphate (TTCP), 
dicalcium phosphate (DCP) anhydrous, and mono-, di-, and 
TCPs. These calcium phosphate fillers partially replaced 
the reinforcing fillers. Unfortunately, this can compromise 
composite mechanical properties.
Composites containing ACP
ACP has been evaluated as filler for dental composites and 
adhesives. Skrtic et al153–155 has introduced composite mate-
rials containing ACP, which release significant amount of 
calcium and phosphate ions. It was demonstrated that the 
remineralizing potential of ACP was enhanced through its 
hybridization with silicon or zirconium elements. Adding 
these elements to ACP increased the time of mineral ion 
release through their ability to slow down the intracomposite 
ACP to HA conversion.156,157 Mineral ion release from ACP 
composites was shown to efficiently restore the mineral lost 
from enamel surfaces following acid attack.158,159 Another 
study has incorporated ACP into a composite adhesive sys-
tem. The ACP was shown to infiltrate the dentinal tubules 
without causing negative effect to bond strength.160
Compared with glass or ceramic-only filled composites, the 
ACP-filled composites are more hydrophilic and biodegrad-
able. In addition, they exhibit inferior mechanical properties 
and durability.161 ACP particles aggregation, poor interfacial 
interaction with matrix, and excessive water sorption contribute 
to compromising the mechanical properties.155,162,163 Mechani-
cal milling reduced the particles size of ACP-zirconium fillers 
to ~20 µm, providing more homogeneous filler distribution and 
a reduction in voids formation was obtained. Biaxial flexural 
strength was, therefore, increased from 50 to 75 MPa.161,164–166 
This is, however, still lower than the strength of commercial 
dental composites (100–180 MPa), restricting the use of ACP-
filled composites as potential direct dental-filling materials.167 
A recent study showed that 120 MPa flexural strength could 
be obtained if the mass fraction of ACP was kept at 10 wt%. 
However, this significantly reduced the amount of calcium 
and phosphate ions that could be released.168
Composites containing HA
Coupling agent treatment of calcium phosphate fillers with 
citric acid, acrylic acid, or methacrylic acid improved the 
flexural strength of composites containing HA.169,170 How-
ever, γ-methacryloxypropyltrimethoxysilane coupling agent 
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had no effect on strength.171 Microscopic HA fillers provided 
higher strength than nanoscopic fillers.169,170,172 It was also 
reported that HA fillers in the form of whiskers further 
enhanced flexural strength.173,174
Water sorption of resin-based composites containing 
silane coupling agent-treated and -untreated HA fillers was 
consistent with a diffusion-controlled process. Incorporation 
of HA reduced the water uptake, and this decreased further 
upon silane treating of HA fillers,175 which subsequently led 
to deterioration in CaP release.
In an attempt to improve the mechanical properties, small 
fraction (3 wt%) of HA filler were impregnated into com-
posites. This low mass fraction of HA was well dispersed, 
leading to increase in the flexural strength up to 120 MPa. 
Raising mass fraction of HA to 10 wt% caused to decrease 
strength to 95 MPa due to the formation of aggregates of HA 
that served as a defect site.176
Composites containing TTCPs
Recently, TTCP particles were investigated as potentially 
remineralizing fillers for dental composites. Upon addi-
tion of TTCP, the mechanical properties of the composites 
decreased dramatically. Replacing 50% of TTCP by silicon 
nitride whiskers increased the strength of the composites 
from 50 to 100 MPa. Calcium and phosphate ion release, 
however, was decreased by an order of magnitude.177 Another 
study showed that flexural strength can reach 80 MPa for 
composites filled with 40 wt% TTCP. This has increased 
further upon addition of an antibacterial agent.178
Composites containing mono-, di-, and tricalcium 
phosphates
Calcium phosphates in the form of monocalcium phosphate 
(MCPM), DCP, and TCP were also incorporated into den-
tal composites materials. The solubility of these forms of 
calcium phosphate differs significantly. The mineral ion 
release from MCPM composite was shown to be dependent 
on the amount of MCPM added to the formulation. Replac-
ing the MCPM with reinforcing whiskers was shown again 
to improve mechanical properties but dramatically decrease 
calcium and phosphate release.179 Replacing MCPM with less 
soluble DCP enhanced the strength but significantly reduced 
mineral ions release.180 A study showed that by decreasing the 
particle size of DCP fillers to ~110 nm, the amount of min-
eral ions release can be significantly increased.181 It has also 
confirmed that replacing DCP with silicon nitride whiskers 
enhanced the strength but at the expense of the mineral ion 
release. In addition, incorporating whiskers in the composite 
formulations compromised the optical properties preventing 
light cure feasibility.
TCP has been added together with MCPM to enable 
more control on the latter dissolution and composite water 
sorption.182–185 Highly soluble MCPM on the surface of the 
composite dissolved but at the core it reacted with β-TCP to 
form less soluble brushite (DCP dihydrate). Partial replace-
ment of calcium and phosphate with reinforcing opaque 
fillers improved the strength but these again compromised 
the mineral ion release and optical properties.182 A recent 
study has introduced light-cured composites containing both 
MCPM and TCP with strength within the range expected for 
commercial composites.183,184 HA precipitation at the surfaces 
of these composites was used to evaluate the remineralization 
potential of these materials. These HA layers were formed of 
calcium and phosphate ions released from within the com-
posite samples.184 Although these results are promising, the 
ability of these composites to remineralize the demineralized 
dentine has yet to be demonstrated.
Demineralization–remineralization 
dynamics in bone
Bone remodeling is a physiologic process that continues 
within discrete sites following cessation of skeletal growth. 
During remodeling, packets of bone are laid down and turned 
over in order to facilitate the repair of damaged older bone. 
Osteoclasts resorb bone, and these resorption lacunae are 
subsequently filled with new bone matrix deposited by osteo-
blasts. As newly formed bone accumulates mineral with time, 
the most recently deposited bone will generally be less min-
eralized than bone deposited months or years earlier. Regions 
with high turnover, containing many newly formed osteons, 
generally display lower average mineralization than areas of 
low turnover. During secondary mineralization, the mineral 
content of an individual unit continuously increases with time 
(referred to as the mineralization law), with a steep slope in 
the beginning and a significant reduction in the slope after-
ward.186 The weight or volume fraction of mineral in the bone 
matrix is measured spatially by methods such as plain radi-
ography, dual-energy X-ray absorptiometry, Faxitron X-ray 
microradiography, synchrotron, microcomputed tomography, 
and quantitative backscattered electron microscopy.
Bone remodeling is essential for the required tooth move-
ment during orthodontic treatment. The interaction between 
the receptor activator of nuclear factor κB (RANK) that is 
expressed on osteoclast precursor cells, its ligand (RANKL) 
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that is expressed on osteoblast cells, and osteoprotegerin is 
responsible for the regulation of bone remodeling process. 
Binding of RANKL to RANK results in differentiation of 
precursor osteoclast cells to mature osteoclasts. Osteoprote-
gerin competes with RANK for RANKL binding and inhibits 
osteoclast differentiation. The balance of these trimolecular 
control factors maintains physiologic bone remodeling.187
Any imbalance between bone formation and resorption 
has undesirable consequences.
Demineralization (hyper- and 
hypomineralization)
The mineralization density at the tissue level reflects the 
contribution of all osteons with different degrees of mineral-
ization and disruptions in the physiological and biochemical 
processes that regulate the deposition and removal of calcium 
apatite in a tissue may be caused by age,188 disease, and 
drug treatment.189 Small increases in mineralization lead to 
relatively large increases in the strength of bone, although 
levels ~.66% mineralization have been shown to lead to 
brittleness and a reduction in bone strength.190
Hypermineralization and hypomineralization are devia-
tions that occur within the mineral content of fully miner-
alized bone. Only a pathologically altered organic matrix 
and/or abnormalities in crystal size and shape can lead to 
a hypermineralization, a mineralization density exceeding 
that of fully mineralized normal bone matrix. In contrast, 
hypomineralization results when the organic matrix is not 
fully mineralized due to a lack of time for secondary min-
eralization and/or by a pathologically altered bone matrix, 
affecting normal mineralization kinetics.189 Bone diseases 
such as rickets and osteoporosis cause a significant reduction 
in bone mineralization and bone mineral density, which lead 
to functional consequences in terms of increased fracture 
risk and skeletal deformity, respectively.188 Mild primary 
hyperthyroidism is characterized by abnormally elevated 
parathyroid hormone serum levels accompanied by hypercal-
cemia, which also results in a low bone mineralization density 
that is thought to be due to an increased bone turnover and 
bone formation rate.186
Osteogenesis imperfecta is a genetic disorder asso-
ciated with increased bone fragility. Studies indicate a 
shift toward a higher mineralization density of bone tis-
sue, only marginally exceeding that of normal adults.191 
Weber et al192 suggested that the higher mineral content 
was not exclusively due to an altered collagen structure 
but may also be caused by an accelerated mineralization 
process. Alterations in bone mineral density have also been 
measured in male osteoporosis, idiopathic osteoporosis, 
patients with collagen I polymorphisms,193 osteomalacia,194 
hypophosphatemia, Paget’s disease, Bruck’s syndrome, 
myopathy, renal osteodystrophy,195 and liver transplan-
tation.196 All showed a shift to lower mineralization 
density, while pycnodysostosis,197 hypoparathyroidism, 
osteopetrosis, and osteonecrosis all led to an increased 
mineralization density.189
Remineralization
Some drugs have been developed to either reduce bone 
resorption (eg, bisphosphonates198) or promote bone for-
mation (hormonal replacement,199 calcium, and vitamin D 
supplements). Combination and sequential treatment using 
both bone formation stimulator and bone resorption inhibitors 
have been attempted. Combination treatment using both 
bone resorption inhibitors and bone-formation stimulators 
has not showed any additional benefit over the use of each 
medication alone. The use of bone-formation stimulators is 
independent on the previous use of bone resorption inhibitor. 
The use of bone resorption inhibitors; however, maintains the 
benefit of the former bone formation stimulator.199 Generally, 
serious side effects, however, have now been associated with 
the extensive use of these drugs.198,200,201 This, however, is 
not the main focus of this review. Only the materials with 
remineralizing action will be covered in details.
Bone cements/composites with remineralizing action
Poly(methylmethacrylate) (PMMA) has been widely used 
in orthopedic surgeries as anchoring agent in hip and knee 
replacement to repair vertebral fractures and skull defects.202 
To overcome the disadvantages of conventional PMMA 
cements such as lack of adhesion to bone and heat gen-
eration during polymerization, calcium phosphate cements 
and polymeric cements with mineralizing fillers have been 
investigated as alternatives.
Various forms of calcium phosphates have been studied 
as bone cements due to their excellent biocompatibility.203 
The main shortcomings of these materials, however, are the 
mechanical properties. These properties were improved 
through formation of polymer composites containing calcium 
phosphate. The polymer matrix reinforced with glass or 
ceramic fillers and contain CaP fillers can potentially provide 
remineralizing materials with good mechanical properties. 
This includes calcium phosphates in the forms of HA, β-TCP, 
and biphasic calcium phosphate.
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Nondegradable cements/composites
Cements/composites containing HA. HA was used as filler 
in self-curing two paste bone cements. Upon immersion in 
simulated body fluid, the materials were shown to form an 
apatite layer. This feature has been associated with bone 
bonding ability.202 Bioactive glass, HA, and β-TCP have also 
been used to develop bone cements that have been reported 
to exhibit bone-bonding properties.204,205 Enhanced cellular 
activity has been associated with increased levels of HA fill-
ers in the composite materials.206 Ultimate tensile strength, 
however, decreased with increased HA content.
A combination of strontium and HA containing bone 
cement was reported to provide superior bone-bonding 
strength to that with conventional PMMA cement.207 Addi-
tion of HA to PMMA also enhanced the biocompatibility 
and osteoconductivity of the cement.208
Cements/composites containing β-TCP. Composite 
bone cements containing β-TCP were also reported to be 
biocompatible, and osteoconduction was attained within 
4 weeks of direct contact with bone.209 A study showed that 
resin composite bone cements contain either bioactive glass 
ceramics or β-TCP that induces bone formation at the inter-
face.210 However, the mechanical properties of the former 
were higher than the latter.
Biodegradable calcium and phosphate cements
Calcium and phosphate cements have been investigated as 
synthetic materials to fill bone defects and cavities due to their 
excellent biocompatibility and osteoconductivity.203,211 The 
formation of these materials is activated by mixing various 
calcium phosphate phases with a liquid phase at a specific pH. 
The pH of the chemical reaction dictates the type of final 
product; HA forms at pH .4.2 or brushite at pH ,4.2.211,212 
Unlike brushite (CaHPO
4
⋅2H
2
O), HA-based cements were 
shown to have poor solubility at a physiological pH.213 
Calcium and phosphate cements are brittle with low strength 
and can only be used in nonload-bearing applications.211
Apatite cements
Commercially available apatite cements were developed 
using different chemical formulations containing more than 
one type of calcium phosphates such as α-TCP, MCPM, 
and TTCP. Precipitated HA or calcium-deficient HA can be 
formed by hydrolyzing calcium phosphate or by mixing two 
calcium phosphate powders with Ca:P ratio lower than the 
stoichiometric ratio for HA (Ca:P =1.67).214 These materials 
were shown to have poor solubility and subsequently reduced 
chances of replacement with natural bone tissues.
Brushite cement
These cements have been developed to take advantage 
of their high solubility in order to increase the amount of 
regenerated tissues.211 In a physiological condition, brushite 
dissolves providing calcium and phosphates ions, in addi-
tion, to their high biocompatibility and osteoconductivity.215 
Mechanical properties of brushite cements, however, are 
lower than apatite cements. Today, research is focused on 
improving the overall performance of brushite by balancing 
resorbability and mechanical properties.
Throughout this review, the mechanisms of demineraliza-
tion–remineralization in both teeth and bone as well as therapies 
that boost remineralization have been thoroughly discussed. 
Understanding these processes is also important for the inno-
vation and development of scaffolds or implant surfaces that 
are able to stimulate mineralization or osseointegration. The 
interaction of biomaterials with host tissues is an important 
issue that has to be addressed during designing scaffolds or 
implants for biomedical use. The topography, chemical, and 
mechanical properties of the materials from which scaffolds 
or implants has been made have fundamental influence on the 
host response. Some innovative approaches seem to be prom-
ising in designing scaffolds or implants with topographical 
features that favor osteogenic differentiation. Electrospinning, 
rapid prototyping,216 and two-photon polymerization217 could 
be promising in designing scaffolds with biomimetic archi-
tecture, required for nutrient supply and diffusion, as well as 
with instructive surface properties required for directing cells 
into the proper lineage. Osteoprints, bioinspired two-photon 
polymerized 3D trabecular-like structures, deeply influenced 
cellular behavior, enhanced osteogenic differentiation, and 
increased HA production.217 Direct laser writing/atomic layer 
deposition,218 lithography, ionic implantation, anodization,219 
radio frequency plasma treatments,220–223 and surface treatment 
(eg, glow discharge, acid etching, or UV irradiation)224 have 
been used to tailor implants’ surface topography in favor of 
osseointegration.225,226 Controlling the surface topography at 
nanoscale level or chemistry of scaffolds or implants could 
influence cells spreading222 and differentiation.220,221 Modifica-
tion of chitosan scaffolds with barium titanate nanoparticles 
or strontium phosphate favored the osteogenic differentiation 
of mesenchymal stem cells.227,228 Nanoarrays from tantala 
improved adhesion, proliferation, and differentiation of osteo-
blast cells on implant surface.229 Biofunctionalization, that is, 
immobilization of specific active biomolecules known with 
their effective role on osteogensis on the surface of scaffolds or 
implants, has also been attempted to improve their long-term 
acceptance.230 Examples include ECM proteins,231 adhesion 
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molecule (arginyl-glycyl-aspartic),232 and bone morphogenic 
protein.233
Concluding remarks and future 
prospects
Demineralization–remineralization is a dynamic process, 
and there is always a battle between them. Both processes 
can occur on the hard tissues surface to some extent. They 
therefore have an impact on the health of hard tissues, and 
the surrounding environment plays a key role in determining 
which process wins the battle. Therefore, the main aim would 
be maintaining the environment that prevents demineraliza-
tion but encourages remineralization.
The understanding of the process of demineralization 
and remineralization in teeth is very well understood. How-
ever, despite efforts by researchers and clinicians, main-
taining a good oral and dental health throughout patients’ 
life remained a big challenge. The constant change in diet 
associated with the more and more widespread accessibil-
ity of fizzing sugary drinks is putting pressure on the whole 
dental profession to safeguard good oral and dental health, 
even in wealthy country. A University College London 
survey at the London 2012 Olympic Games found that 18% 
of athletes said that their oral health had a negative impact 
on their performance and 46.5% had not been to the dentist 
in the past year. In terms of dentistry, the challenge in the 
next decade is to either promote a change in the habits of 
population or for scientists to develop new products that 
may counter the demineralization process that results from 
the consumption of these fizzing sugary drinks. The more 
and more widespread prevalence of dental caries is a direct 
consequence of this growing population behavior, and it 
will become ever more important to involve the public and 
patients to devise strategies to overcome this growing health 
burden. The wider use of gums that promote salivary release 
or neutralized the mouth pH is also explored and would help 
toward building sufficient sacrificial amorphous enamel 
layer. The development of smart restorative materials has 
made tremendous progress in the field of dentistry, but their 
translation to market is slower than in medicine, maybe 
due to the reticence of dental practitioners to adopt these 
novel materials. It is likely that in the next few years, new 
generation of restorative materials will become accessible 
that will make traditional mechanical drilling redundant. 
The challenge for bone remains to find long-term solution 
to conditions associated with persistent bone loss such as 
osteoporosis. Research in this area is still very active, but 
it has yet to find a sustainable approach to reverse the slow 
resorption of bone, which consequently may fracture and 
impact greatly upon the patients’ quality of life. Similarly, 
the development of smart materials in dentistry, a similar 
approach exists for bone with the genesis of bone cements 
that are becoming available for repairing spinal cord injuries, 
for example. Unlike dentistry, the causative effects of bone 
demineralization are not patients’ behavior driven except 
for reduced physical activity. Coupling these strategies for 
earlier diagnostics of bone fragility or dental demineraliza-
tion would greatly enhance patients’ recovery. Thus, research 
is currently being carried out across the world to offer new 
diagnostic tools for clinical use to help with the early detec-
tion. Few of these tools, such as Bio-Dent and dental optical 
coherence tomography, are currently on the market, and it 
will take a few more years for their acceptance by clinical 
colleagues. Ultimately, although scientists and/or clinicians 
may discover new understanding, develop new technologies, 
and products, it is still the responsibility of the patients to 
adapt their personal behaviors to minimize the risk factors 
associated with bone or dental surface loss.
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